1. Introduction {#sec1-molecules-25-00754}
===============

Polyvinyl alcohol (PVA) is a kind of water-soluble polymer, which is widely used in different industries due to its excellent mechanical and chemical properties. In the building industry, polyvinyl alcohol is widely used as adhesive \[[@B1-molecules-25-00754]\], modifier \[[@B2-molecules-25-00754],[@B3-molecules-25-00754]\], aggregate-surface pretreatment agent \[[@B4-molecules-25-00754],[@B5-molecules-25-00754],[@B6-molecules-25-00754]\], fiber reinforcement \[[@B4-molecules-25-00754],[@B7-molecules-25-00754],[@B8-molecules-25-00754],[@B9-molecules-25-00754],[@B10-molecules-25-00754]\], etc. Polyvinyl alcohol can be added to cement-based materials in a variety of ways, affecting the properties of cement-based materials. Generally, small amounts of PVA (less than 3%) are added directly to cement-based materials in the form of aqueous solution to improve the properties of cement slurry, mortar, and concrete \[[@B3-molecules-25-00754],[@B11-molecules-25-00754],[@B12-molecules-25-00754],[@B13-molecules-25-00754]\]. The addition of polyvinyl alcohol in aqueous solution to cement-based materials has a great influence on the performance of cement-based materials.

Many studies have shown that the addition of a certain amount of polyvinyl alcohol can improve the workability and water retention of cement-based materials in the state of fresh mixing. Kim et al. \[[@B14-molecules-25-00754]\] proposed the prewetting method to prepare polyvinyl alcohol-modified cement-based materials, and found that the porosity of modified cement-based materials prepared by this method could be reduced to 6%. When a small amount of PVA is added (less than 2%), the air void content and apparent fluidity of fresh mortar and concrete increase, and the bleeding reduces. Due to the increase of fluidity, the slump of the modified concrete increases \[[@B3-molecules-25-00754]\]. Allahverdi et al. \[[@B15-molecules-25-00754]\] studied the effects of different water--cement ratios and polymer--cement ratios on the workability of modified cement mortar. It was found that adding a small amount of polyvinyl alcohol can improve the fluidity of cement mortar. However, with the increase of PVA content, the fluidity of modified cement mortar will be adversely affected. Nguyen et al. \[[@B16-molecules-25-00754]\] studied the effects of molecular weight and dosage of PVA on rheological properties of cement-based materials and found the yield stress and plastic viscosity of cement paste increased with the increasing content and molecular weight of PVA. Shear thinning occurs with the increase of shear rate.

The addition of PVA can delay the hydration of cement and the hydrolysis can affect the hydration process \[[@B17-molecules-25-00754],[@B18-molecules-25-00754],[@B19-molecules-25-00754]\]. Nguyen et al. \[[@B17-molecules-25-00754]\] pointed out that the chemical structure of PVA can affect the hydration process of cement by producing acetate. They also concluded that the quantity of acetate determined the delay time. Georgescu et al. \[[@B18-molecules-25-00754]\] pointed out that the addition of PVA caused the delay of the transformation from AFt to AFm, which delayed the hydration process of cement-based materials.

The physical and chemical properties of polyvinyl alcohol mainly depend on its degree of hydrolysis and polymerization \[[@B20-molecules-25-00754]\]. However, there is still a lack of systematic research on the influence of hydrolysis and polymerization degree of polyvinyl alcohol on the rheological properties of cement-based mortar. The main purpose of this research is to study the effect of PVA on the rheological properties of cement mortar. The materials and test methods used are introduced in [Section 2](#sec2-molecules-25-00754){ref-type="sec"}. In [Section 3](#sec3-molecules-25-00754){ref-type="sec"}, the modified Bingham model is adopted to analyze the rheological properties of PVA-modified cement mortar. The effects of chemical structure of PVA on the yield stress and plastic viscosity of cement mortar are also discussed. Some main conclusions are drawn in [Section 4](#sec4-molecules-25-00754){ref-type="sec"}.

2. Raw Materials and Test Methods {#sec2-molecules-25-00754}
=================================

2.1. Raw Materials {#sec2dot1-molecules-25-00754}
------------------

The cement used in this study was P•O 42.5R cement, which was produced by Dalian Onoda Cement Co., Ltd. (Dalian, China). The basic chemical composition and physical properties of the cement are shown in [Table 1](#molecules-25-00754-t001){ref-type="table"} and [Table 2](#molecules-25-00754-t002){ref-type="table"}, respectively. The five types of polyvinyl alcohol selected here were 105, 205, 1799, 1788, and 224, all of which were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China) The properties of polyvinyl alcohol are mainly determined by its degree of hydrolysis and polymerization, and [Table 3](#molecules-25-00754-t003){ref-type="table"} gives the degree of hydrolysis and polymerization for each polyvinyl alcohol. The sand used here was ISO standard sand, produced by Xiamen ISO Co., Ltd. (Xiamen, China). Experimental water was tap water collected from Dalian, China.

2.2. Test Methods {#sec2dot2-molecules-25-00754}
-----------------

In this paper, the water--cement ratio was 0.4, the sand--cement ratio was 1.5, and the PVA contents were 0%, 0.5%, 1.0%, 1.5%, and 2.0%, by cement mass.

In the preparation of PVA aqueous solution, it was fully swollen and dispersed in water at about 20 °C at first, and then heated in a water bath to different temperatures to accelerate its dissolution. During this process, it was stirred slowly and kept warm for a while until a uniform and transparent solution was formed. The heating time and temperature are shown in [Table 4](#molecules-25-00754-t004){ref-type="table"}.

The preparation of PVA-modified cement mortar follows: firstly, the mixing vessel and stirring blades were wiped with a wet cloth; secondly, some water was mixed with PVA aqueous solution to a uniform state, and then poured into the mixing vessel; thirdly, cement was added and stirred slowly for 2 min, and then sitting for 1 min; at last, the remaining water was mixed and followed by adding sand slowly, stirring at a low speed for 3 min.

A rotational rheometer (model RST-SST, manufactured by American Brookfield Company, Shanghai, China) was used to determine the rheological properties of polyvinyl alcohol-modified cement mortar. [Figure 1](#molecules-25-00754-f001){ref-type="fig"} shows the program for measuring the rheological properties of polyvinyl alcohol-modified cement mortar, which mainly consisted of two stages: preshear and data collection. The purpose of preshearing before data collection was to achieve the same shear state for each group of mortar in the rheological property test.

The test procedure is shown in [Figure 1](#molecules-25-00754-f001){ref-type="fig"}, which included two stages: (a) during preshear, the shear speed increased from 0 to 70 r/min within 30 s, and then decreased to 0 within the next 30 s; (b) in the data collection process, the shear speed increased from 0 to 70 r/min within 75 s, and then decreased to 0 within the next 75 s. During the test, one data point was recorded every second, and a total of 150 data points were obtained, which constituted the up- and down-curves of the shear stress--shear rate.

3. Test Results and Discussion {#sec3-molecules-25-00754}
==============================

3.1. Rheological Model Analysis of PVA-Modified Cement Mortar {#sec3dot1-molecules-25-00754}
-------------------------------------------------------------

The rheological data of different PVA-modified cement-based materials were analyzed, as given in [Figure 2](#molecules-25-00754-f002){ref-type="fig"} and [Table 5](#molecules-25-00754-t005){ref-type="table"}. In [Figure 2](#molecules-25-00754-f002){ref-type="fig"}, the modified Bingham model was adopted to fit the shear stress--shear rate data of down-curves for PVA-modified cement mortar with different degrees of polymerization and hydrolysis. The number of the fitted data was 16, which were selected equidistant from 75 data points in the down-curve. As can be seen from [Figure 2](#molecules-25-00754-f002){ref-type="fig"}, the modified Bingham model can effectively correlate the shear stress and shear rate data of PVA-modified cement mortar. In addition, it can be found from [Figure 2](#molecules-25-00754-f002){ref-type="fig"} that rheological models of polyvinyl alcohol-modified mortar with different degrees of hydrolysis and polymerization are basically unchanged, which basically conform to the modified Bingham model \[[@B21-molecules-25-00754],[@B22-molecules-25-00754],[@B23-molecules-25-00754]\]:$$\tau = \tau_{0} + \mu_{p}\overset{˙}{\gamma} + c{\overset{˙}{\gamma}}^{2}$$ where $\tau$, $\tau_{0}$, $\mu_{p}$, $\overset{˙}{\gamma}$, and *c* are the shear stress, yield stress, plastic viscosity, shear rate, and a regression constant, respectively.

The rheological data of fresh cement mortar with PVA added were fitted with the modified Bingham model, and the regression equation and rheological parameters after fitting are shown in [Table 5](#molecules-25-00754-t005){ref-type="table"}. As can be seen from [Table 5](#molecules-25-00754-t005){ref-type="table"}, the fitting coefficient of fresh cement mortar with added PVA is mostly above 0.990, which shows a high correlation and fully indicates that the modified Bingham model has a relatively ideal fitting effect on the mixture. Therefore, the modified Bingham model can be reasonably applied to the study of rheological properties of polyvinyl alcohol-modified cement mortar.

3.2. Effect of PVA Chemical Structure on the Yield Stress of Cement Mortar {#sec3dot2-molecules-25-00754}
--------------------------------------------------------------------------

[Figure 3](#molecules-25-00754-f003){ref-type="fig"} and [Figure 4](#molecules-25-00754-f004){ref-type="fig"}, respectively, show the effects of the degree of polymerization, degree of hydrolysis, and content of PVA on the yield stress of fresh modified cement mortar. It can be seen from [Figure 3](#molecules-25-00754-f003){ref-type="fig"} that with the increase of PVA content, the yield stress of modified cement paste shows a gradually increasing trend. At the same PVA dosage, the yield stress of modified cement paste increases sharply with the increase of polymerization degree. The yield stress of modified cement mortar is less than that of unmodified mortar when the degree of polymerization and the content of PVA are small. However, the yield stress increases obviously with the constant increase of polyvinyl alcohol content and polymerization degree, which is larger than that of the unmodified.

When a small amount of PVA is added, it is adsorbed onto cement and hydrated products. The ball-bearing effect can reduce the friction between cement particles \[[@B24-molecules-25-00754],[@B25-molecules-25-00754]\], resulting in the decrease of the yield stress of modified cement paste. The existence of polyvinyl alcohol can effectively disperse cement-based materials, prevent the generation of flocculation structure, and thus reduce the yield stress of modified cement mortar \[[@B24-molecules-25-00754],[@B26-molecules-25-00754]\]. Due to the surfactant effect of polyvinyl alcohol, some bubbles will be introduced in the stirring process, which to some extent also plays a role in reducing the yield stress \[[@B27-molecules-25-00754]\]. When the dosage of PVA increases continuously, polyvinyl alcohol is not only adsorbed on the surface of cement particles, but also dispersed in the structure of cement mortar relatively independently. The mutual attraction and entanglement of these polyvinyl alcohol molecules increase the friction between particles, thus increasing the yield stress of modified cement mortar \[[@B16-molecules-25-00754],[@B28-molecules-25-00754],[@B29-molecules-25-00754]\]. The higher content of PVA will cause a higher viscosity of PVA aqueous solution, which will increase the viscosity of modified cement paste and further increase its yield stress.

When the content of polyvinyl alcohol is low, polyvinyl alcohol plays a leading role in the dispersion of cement particles, reducing the friction between particles and resulting in the yield stress of modified cement paste being smaller than that of the unmodified. As the PVA content increases, the mutual attraction and entanglement of polyvinyl alcohol molecules among cement particles play a major role in increasing the friction between particles, so that the yield stress of modified paste is greater than that of the reference paste.

The effect of polyvinyl alcohol with different degrees of hydrolysis and dosage on yield stress of fresh modified cement mortar is shown in [Figure 4](#molecules-25-00754-f004){ref-type="fig"}. With the increase of PVA content, the yield stress of modified cement paste increases gradually. A comparison is made between fully hydrolyzed and partially hydrolyzed polyvinyl alcohol-modified cement mortar, from which it can be seen that at the same PVA dosage, the difference between the two yield stresses is not obvious.

3.3. Effect of Chemical Structure of PVA on the Plastic Viscosity of Cement Mortar {#sec3dot3-molecules-25-00754}
----------------------------------------------------------------------------------

[Figure 5](#molecules-25-00754-f005){ref-type="fig"} and [Figure 6](#molecules-25-00754-f006){ref-type="fig"}, respectively, show the effects of polymerization degree and hydrolysis degree of polyvinyl alcohol on plastic viscosity of fresh modified cement mortar. As can be seen from [Figure 5](#molecules-25-00754-f005){ref-type="fig"}, with the increase of PVA content, the plastic viscosity of modified cement paste increases gradually, which is greater than that of the reference paste. At the same content of PVA, the plastic viscosity increases sharply with the increase of polymerization degree. PVA particles are adsorbed on the surface of cement particles, and intermolecular interactions through hydrogen bonds between hydroxyl groups and cement surfaces form an electrosteric barrier. Under the action of shear force, the electrosteric effect hinders the dissolution of the flocculation structure of cement particles, thereby increasing the plastic viscosity of modified cement mortar \[[@B16-molecules-25-00754],[@B24-molecules-25-00754]\]. On the other hand, the addition of polyvinyl alcohol can increase the viscosity of the aqueous solution inside the cement mortar, thus increasing the plastic viscosity of the modified cement mortar.

With the increase of PVA content, some PVA is adsorbed on the surface of cement mortar particles, while some is dispersed in the matrix pore solution. The interaction between the polyvinyl alcohol molecules distributed in the pore solution further enhances the interaction force between the matrix particles and improves the overall spatial structure of the matrix, thus dramatically increasing the plastic viscosity of the modified cement mortar.

At the same content of PVA, the plastic viscosity of modified cement mortar increases gradually with the increase of the PVA polymerization degree. On the one hand, the viscosity of polyvinyl alcohol solution increases as the degree of polymerization increases, so the plastic viscosity of modified cement mortar increases. On the other hand, due to the increase of PVA polymerization degree, the chain segment of polyvinyl alcohol increases, which further intensifies the interwinding between the chain segments and improves the overall spatial structure of the matrix, thus dramatically increasing the plastic viscosity of modified cement mortar.

[Figure 6](#molecules-25-00754-f006){ref-type="fig"} shows the effect of hydrolysis degree and content of polyvinyl alcohol on the plastic viscosity of fresh modified cement mortar. It can be found from [Figure 6](#molecules-25-00754-f006){ref-type="fig"} that with the increase of PVA content, the plastic viscosity of modified cement mortar increases gradually. At the same content of PVA, the plastic viscosity of fully hydrolyzed PVA-modified cement mortar is slightly higher than that of the partially hydrolyzed PVA-modified, in general. Compared with the fully hydrolyzed, in partially hydrolyzed polyvinyl alcohol the intermolecular and intramolecular hydrogen bonds in the chain segment of polyvinyl alcohol are weakened due to the existence of acetoxy, so that partially hydrolyzed polyvinyl alcohol has higher surface activity and lower steric hindrance \[[@B30-molecules-25-00754],[@B31-molecules-25-00754]\]. When adding the same amount of PVA, the interwinding between chain segments of the partially hydrolyzed PVA is less than that of the fully hydrolyzed, and thus the internal flocculation of modified cement mortar is less than that of the fully hydrolyzed, which causes the plastic viscosity of cement mortar modified by partially hydrolyzed PVA to be less than that of the fully hydrolyzed.

Comparing [Figure 5](#molecules-25-00754-f005){ref-type="fig"} and [Figure 6](#molecules-25-00754-f006){ref-type="fig"}, it can be seen that the change of PVA polymerization degree has a great influence on the plastic viscosity of modified cement mortar. However, the effect of degree of PVA hydrolysis on the plastic viscosity of modified cement mortar is not significant.

4. Conclusions {#sec4-molecules-25-00754}
==============

The main purpose of this research was to study the effect of PVA on the rheological properties of cement mortar. Five different types of PVA were used as modifiers and added into cement mortar. The rheological properties of PVA-modified cement mortar were tested. The modified Bingham model was adopted to analyze the rheological properties of PVA-modified cement mortar. The effects of PVA chemical structure on the yield stress and plastic viscosity of cement mortar were also discussed. Based on the experimental results and discussion in this study, the following primary conclusions can be obtained:

The rheological model of polyvinyl alcohol-modified cement mortar conforms relatively well to the modified Bingham model and has a high correlation.

With the increase of PVA content and polymerization degree, the yield stress of modified cement mortar increases sharply. The yield stress of modified cement mortar is less than that of unmodified mortar when the degree of polymerization and the content of PVA are small. The yield stress increases obviously with the constant increase of PVA content and polymerization degree, which is larger than that of the unmodified. However, the effect of hydrolysis degree of PVA on yield stress of modified cement mortar is not obvious.

The plastic viscosity of polyvinyl alcohol-modified cement mortar is sensitive to the changes of PVA polymerization degree and content. With the increase of PVA content, the plastic viscosity of modified cement mortar shows a gradually increasing trend, which is larger than that of the unmodified. With the increase of the degree of PVA polymerization, the plastic viscosity of modified cement mortar increases sharply. Similar to yield stress, the effect of hydrolysis degree of PVA on plastic viscosity of the modified cement mortar is not significant.
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###### 

Regression flow curves of different PVA-modified cement mortar: (**a**) PVA 105, (**b**) PVA 205, (**c**) PVA 1799, (**d**) PVA 1788, (**e**) PVA 224.
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![The effect of degree of polymerization and content of PVA on yield stress of cement mortar.](molecules-25-00754-g003){#molecules-25-00754-f003}

![The effect of degree of hydrolysis and content of PVA on yield stress of cement mortar.](molecules-25-00754-g004){#molecules-25-00754-f004}

![The effect of degree of polymerization and content of PVA on plastic viscosity of cement mortar.](molecules-25-00754-g005){#molecules-25-00754-f005}

![The effect of degree of hydrolysis and content of PVA on plastic viscosity of cement mortar.](molecules-25-00754-g006){#molecules-25-00754-f006}

molecules-25-00754-t001_Table 1

###### 

Chemical composition of cement (%).

  CaO     SiO~2~   Al~2~O~3~   Fe~2~O~3~   SO~3~   MgO    Na~2~O
  ------- -------- ----------- ----------- ------- ------ --------
  61.30   21.43    5.30        2.91        2.51    2.18   0.72

molecules-25-00754-t002_Table 2

###### 

Physical and mechanical properties of P•O 42.5R cement.

  Loss on Ignition/%   Initial Setting Time/min   Final Setting Time/min   Specific Surface Area/m^2^⋅kg^−1^   Flexural Strength/MPa   Compressive Strength/MPa         
  -------------------- -------------------------- ------------------------ ----------------------------------- ----------------------- -------------------------- ----- ------
  3.65                 178                        240                      350                                 3 d                     28 d                       3 d   28 d
  6.3                  8.2                        32.5                     54.3                                                                                         

molecules-25-00754-t003_Table 3

###### 

Degrees of hydrolysis (DH) and degrees of polymerization (DP) of polyvinyl alcohol (PVA) used.

  PVA    DP     Molecular Weight   DH
  ------ ------ ------------------ -----
  105    500    22,000             99%
  205    500    22,000             88%
  1788   1700   74,800             88%
  1799   1700   74,800             99%
  224    2400   105,600            88%

molecules-25-00754-t004_Table 4

###### 

The heating temperature and time of PVA used.

  PVA    Heating Temperature/°C   Time/h
  ------ ------------------------ --------
  105    70                       1.5
  205    70                       1.5
  1788   90                       2.5
  1799   95                       3.0
  224    95                       3.0

molecules-25-00754-t005_Table 5

###### 

Rheological parameters of different PVA-modified cement mortar.

  Sample     Yield Stress/Pa   Plastic Viscosity/(Pa·s)   Regression Equation                                                                 R^2^
  ---------- ----------------- -------------------------- ----------------------------------------------------------------------------------- -------
  0          161.64            2.02                       $\tau{= 161}{.64 + 2}{.02}\overset{˙}{\gamma} + 0.181{\overset{˙}{\gamma}}^{2}$     0.984
  105-0.5    119.35            7.06                       $\tau{= 119}{.35 + 7}{.06}\overset{˙}{\gamma} - 0.084{\overset{˙}{\gamma}}^{2}$     0.997
  105-1.0    150.57            10.97                      $\tau{= 150}{.57 + 10}{.97}\overset{˙}{\gamma} - 0.235{\overset{˙}{\gamma}}^{2}$    0.991
  105-1.5    180.62            13.76                      $\tau{= 180}{.62 + 13}{.76}\overset{˙}{\gamma} - 0.200{\overset{˙}{\gamma}}^{2}$    0.997
  105-2.0    172.99            19.30                      $\tau{= 172}{.99 + 19}{.30}\overset{˙}{\gamma} - 0.361{\overset{˙}{\gamma}}^{2}$    0.986
  205-0.5    137.52            8.06                       $\tau{= 137}{.52 + 8}{.06}\overset{˙}{\gamma} - 0.88{\overset{˙}{\gamma}}^{2}$      0.997
  205-1.0    172.13            9.70                       $\tau{= 172}{.13 + 9}{.70}\overset{˙}{\gamma} + 0.054{\overset{˙}{\gamma}}^{2}$     0.998
  205-1.5    161.88            12.99                      $\tau{= 161}{.88 + 12}{.99}\overset{˙}{\gamma} - 0.141{\overset{˙}{\gamma}}^{2}$    0.994
  205-2.0    170.93            18.65                      $\tau{= 170}{.93 + 18}{.65}\overset{˙}{\gamma} - 0.212{\overset{˙}{\gamma}}^{2}$    0.995
  1799-0.5   249.30            8.03                       $\tau{= 249}{.30 + 8}{.03}\overset{˙}{\gamma} - 0.104{\overset{˙}{\gamma}}^{2}$     0.981
  1799-1.0   184.10            18.91                      $\tau{= 184}{.10 + 18}{.91}\overset{˙}{\gamma} - 0.287{\overset{˙}{\gamma}}^{2}$    0.997
  1799-1.5   349.32            34.17                      $\tau{= 349}{.32 + 34}{.17}\overset{˙}{\gamma} - 0.427{\overset{˙}{\gamma}}^{2}$    0.988
  1788-0.5   175.89            10.01                      $\tau{= 175}{.89 + 10}{.01}\overset{˙}{\gamma} + 0.075{\overset{˙}{\gamma}}^{2}$    0.999
  1788-1.0   189.71            16.79                      $\tau{= 189}{.71 + 16}{.79}\overset{˙}{\gamma} - 0.052{\overset{˙}{\gamma}}^{2}$    0.995
  1788-1.5   215.47            32.33                      $\tau{= 215}{.47 + 32}{.33}\overset{˙}{\gamma} - 0.411{\overset{˙}{\gamma}}^{2}$    0.983
  1788-2.0   216.36            58.13                      $\tau{= 216}{.36 + 58}{.13}\overset{˙}{\gamma} - 1.156{\overset{˙}{\gamma}}^{2}$    0.998
  224-0.5    214.29            11.02                      $\tau{= 214}{.29 + 11}{.02}\overset{˙}{\gamma} + 0.135{\overset{˙}{\gamma}}^{2}$    0.999
  224-1.0    205.41            22.16                      $\tau{= 205}{.41 + 22}{.16}\overset{˙}{\gamma} - 0.247{\overset{˙}{\gamma}}^{2}$    0.996
  224-1.5    328.93            73.14                      $\tau{= 328}{.93 + 73}{.14}\overset{˙}{\gamma} - 0.260{\overset{˙}{\gamma}}^{2}$    0.995
  224-2.0    270.52            119.85                     $\tau{= 270}{.52 + 119}{.85}\overset{˙}{\gamma} - 4.212{\overset{˙}{\gamma}}^{2}$   0.997

Note: No data were obtained when the PVA 1799 dosage was 2.0%, due to the yield stress of fresh modified mortar exceeding the measuring range of the instrument.
